Abstract Microalgal lipids can be enhanced through varying nitrogen (N) content, and limited supply of nitrogen source seems to be valuable approach for increased lipid accumulation in microalgae. In this study, Chlorella sp. IM-02 was observed under fluorescence microscope for increased number of lipid bodies under nitrogen scarcity. Fourier transform infrared spectroscopy was used to determine spectral changes due to varying lipid content under nitrogen-starved (N 0 , without sodium nitrate), nitrogen-limited (N 0.1 , N 0.25 , N 0.5 and N 1.0 representing 0.1, 0.25, 0.5 and 1.0 g/L of sodium nitrate, respectively) and nitrogen-sufficient (N 1.5 , i.e., 1.5 g/L sodium nitrate) setting. Chlorophyll content was also monitored under these conditions as growth indicator. Various biochemical components viz. total carbohydrates, total proteins and total lipids were also estimated under varying nitrogen levels spectrophotometrically. On fourth day itself, maximum lipid productivity was observed in case of N 0.5 , which is having one-third of nitrogen concentration present in original growth media, BG-11. This concludes N 0.5 as suitable nitrogen provision for better production of lipids in Chlorella sp. IM-02 without much compromising the biomass production as both growth and lipid quantity are key parameters affecting the lipid productivity of any microalgal strain.
Introduction
Biofuels are usually considered as the most promising solution to world energy crisis due to their biodegradability, sustainability and environmental benign nature. Microalgae are emerging as most sustainable candidate for biofuel production. Some advantages such as easily cultivable, usage of non-arable land, no competition with food crops for land and water, nutrients uptake from wastewater, ability to produce substantial amount of triacylglycerides (TAG) and shorter doubling time make them better than other available feedstocks (Kiran et al. 2014a; Sharma et al. 2012; Wang et al. 2009 ).
Microalgae represent rare group of microorganisms that can easily adapt to almost all ecological habitats, with autotrophic, heterotrophic or mixotrophic behavior (John et al. 2011) . Autotrophic microalgae can fix carbon dioxide present in the atmosphere in the presence of sunlight through the process of photosynthesis, whereas heterotrophs can utilize organic carbon present in environment for the synthesis of their building blocks. Mixotrophic microalgae can either use inorganic or use organic carbon depending upon availability and requirement.
Microalgal lipid content is dependent on various environmental parameters viz. temperature (Zhu et al. 2009 ), concentration of nutrients (Gouveia and Oliveira 2009 ) and light intensity (Yeesang and Cheirsilp 2011) . The average lipid content in microalgae is up to 50 % of dry weight, but under stress conditions some species are reported to achieve lipid content up to 70 % (Ma 2006; Xin et al. 2010) . Total algal lipids are comprised of both polar (such as phospholipids and glycolipids), and neutral or nonpolar lipids (such as mono-, di-and triacylglycerides. In addition to lipid content, lipid productivity is a key parameter to predict the microalgal performance which is a combination of biomass production and lipid content. Average volumetric productivity (mg/l/d) can be calculated by dividing the product quantity with cultivation time (Breuer et al. 2012) . Several studies have shown increased accumulation of lipids under nitrogen-limited conditions (Gouveia and Oliveira 2009; Kiran et al. 2016a; Xin et al. 2010; Yeesang and Cheirsilp 2011) . (Sopher and Miller 1949) demonstrated accumulation of lipids up to 85 % in Chlorella pyrenoidosa under nitrogen-limited conditions. Similarly, Xu et al. (2006) reported increased lipid content up to 55 % in Chlorella protothecoides demonstrating the effect of nitrogen source and concentration in growth media on lipid yield. Botham and Ratledge (1979) in their study suggested that lipid accumulation increases due to decreased level of adenosine monophosphate (AMP) under nitrogen-starved condition. Lower level of AMP further restricts citrate metabolism, hence arresting tricarboxylic acid (TCA) cycle. This leads to increased availability of acetyl-CoA for enhanced fatty acid synthesis. But lowering down of microalgal biomass production under nitrogen-limited conditions is a serious concern, which finally decreases the lipid productivity.
Objective of present study is to assess the effect of concentration of nitrate nitrogen present in the cultivation media on growth and lipid production potential of Chlorella sp. IM-02. In previous study, another strain (Chlorella sp. IM-01) had been found to survive quite well in wastewater by utilizing inorganic nutrients for growth simultaneously cleaning the wastewater through the process of bioremediation (Kiran et al. 2014b) . But rate of biomass production was affected due to complex nature of wastewater and hindrance caused due to other organic substances. Thus, it is necessary to study systematically the effect of nitrogen concentration on lipids production potential under controlled and simplified nutrient conditions to find out a suitable nitrogen level for enhanced lipid production without compromising the growth. This work is carried out at Indore, M.P. (India), in 2015 to study growth behavior and biochemical composition (proteins, lipids, carbohydrates) of Chlorella sp. IM-02 under varying nitrate concentrations.
Materials and methods

Microorganism, growth medium and cultivation conditions
Chlorella sp. IM-02 was isolated from municipal wastewater collected from Indore city. Pure cultures were maintained in nitrogen-supplemented BG-11 medium (Stanier et al. 1971) in culture room at 27 ± 3°C temperature under 40 lmol m -2 s -1 light intensity. Microalgal cultures were hand-shaken twice a day to prevent sticking on the walls.
Cultures were inoculated at initial OD 680 of 0.05 in 250-mL Erlenmeyer flask containing 100 mL autoclaved BG-11 medium with 1.5 g/L sodium nitrate as nitrogen source (N 1.5 ). Limited conditions of nitrogen were imposed by cultivating microalgal cells (OD 680 0.05) in varying sodium nitrate concentrations, i.e., 0, 0.1, 0.25, 0.5 and 1.0 g/L designated as N 0 , N 0.1 , N 0.25 , N 0.5 , and N 1.0 , respectively, throughout the study. Cultures were grown at 12 h light: dark period with 40 lmol m -2 s -1 light intensity, and experiments were run for 10 days. Microalgal biomass was harvested on 4, 7 and 10th day to observe the effect on chlorophyll concentration, and biochemical composition with time.
Analytical methods
Chlorophyll concentration was determined through hot extraction method using methanol given by Mackinney (1941) . Total proteins were estimated using Lowry's method through spectrophotometer (Lowry et al. 1951) . Standard graph for proteins was obtained using bovine albumin serum (BSA). Total carbohydrates were determined through standard Anthrone method using dextrose as standard (Dubois et al. 1956 ). Total lipids were extracted with chloroform/methanol solution and analyzed spectrophotometrically (Chen and Vaidyanathan 2012) .
Fluorescence microscopy was used to observe neutral lipid accumulation in microalgal cells cultivated under different nitrogen levels. Fluorescent staining of Chlorella sp. IM-02 for neutral lipid induction studies was performed through conventional method as suggested by Chen et al. (2011) . Triplicate samples for different treatments were pooled up to single set, and cells were harvested through centrifugation at 3000 rpm for 10 min on 10th day of inoculation after sufficient accumulation of lipids. Microalgal pellets were washed with double-distilled water to remove any salt deposition from growth media. Then, 50 lL of 25 % dimethyl sulphoxide (DMSO) (Analytical Grade) was added to 20 lL microalgal aliquot and properly mixed using vortex for 1 min. After this, 100 lg/mL Nile Red (Sigma-Aldrich) was added to same mixture followed by vortexing for 1 min and finally kept in dark for 10 min for proper staining of cells. Neutral lipid accumulation was observed using fluorescence microscope (Leica 2300) with an excitation and emission wavelength of 530 and 575 nm, respectively.
FTIR spectroscopy was also performed for Chlorella cells growing in nitrogen-starved, nitrogen-limited and unmodified BG -11 medium using potassium bromide pellet. After harvesting and drying of microalgal biomass, 2-3 mg of dried microalgae was mixed with potassium bromide pellet (KBr) and subjected to a pressure of about 8 9 10 6 Pa in KBr press to obtain clear transparent disk of 16 mm diameter and 1-2 mm thickness (Ponnuswamy et al. 2013) . IR spectra were recorded over a wavelength region 3500-400 cm -1 using Fourier transform infrared spectrometer (Tensor 27, BRUKER). Peak attribution was performed according to available literature (Beardall et al. 2012; Meng et al. 2014; Rukminasari 2013) . 2800-3000 cm -1 characterizes methyl and methylene groups of lipids where *2924-*2854 cm -1 are represented by asymmetric and symmetric CH 2 and *1737-*1740 cm -1 are for the presence of -C=O stretching vibration of ester group suggesting the presence of lipids and fatty acyl chains. Frequency bands between *1650 and 1455 cm -1 represent N-H stretching vibration due to the presence of proteins, whereas primary amines (amide I) and secondary amines (amide II) are represented by frequency bands ranges between *1724-1585 cm -1 and *1585-1490 cm -1 , respectively. Stretching vibration of methyl groups ranges up to *1455 cm -1 . Frequency range 1200-950 cm -1 characterizes C-O-C stretching of polysaccharides, and spectra of starch displayed intense bands at *1024, 1150, and 1050 cm -1 , which are characteristics of C-O stretching vibrations from carbohydrates.
Calculation for yield parameters
The average volumetric productivity (mg/L/d) was calculated by the amount of product per unit culture volume per unit cultivation time (Breuer et al. 2012) .
Average lipid productivity,
where L 0 = initial lipid concentration (mg/L) at 0th day, L t = lipid concentration (mg/L) at time t and t = cultivation time (days). Average carbohydrate Productivity,
where C 0 = carbohydrate concentration (mg/L) at 0th day, C t = Carbohydrate concentration (mg/L) at time t and t = time (days). Average protein productivity,
where P 0 = initial protein concentration (mg/L) at 0th day, P t = Protein concentration (mg/L) at any time t and t = time (days).
Statistical analysis
All experiments were conducted in triplicates, and mean values with standard deviation are reported here. Calculations were done using MS-Excel. Additionally, FTIR spectra obtained were initially normalized by a background single-beam spectrum recorded from empty ATR plate. Base line correction, band thickness and absorbance to transmittance conversion were done using OPUS control software.
Results and discussion
Response of Chlorella sp. IM-02 under varying nitrogen conditions
Nitrogen is an important nutrient for growth of microalgae.
To observe the effect of varying nitrogen concentration on growth characteristics and to find out the minimum nitrogen level required, Chlorella sp. IM-02 was cultivated in modified BG-11 medium with variable concentrations of sodium nitrate. Initially till 4th day, chlorophyll concentration remains almost constant at all nitrate levels without much difference and starts increasing 4th day onwards till 10th day in all sodium nitrate treatments from 0.25 to 1.5 g/L (Fig. 1) showing the efficient utilization of nutrients for growth and repair purpose with increased cell density per unit fixed volume. In case of N 0 and N 0.1 , chlorophyll concentration is found to increase till 7th day and after that somewhat decreasing or almost similar to 10th day. This may be due to exhaustion of nutrients (nitrogen) in the aqueous media. This microalga, Chlorella sp. IM-02, is also not able to flourish well in the absence of nitrogen source as presented in Fig. 1 because of deprivation of electron acceptor, i.e., NADP ? at low/zero nitrogen levels resulting in impaired growth. Maximum concentrations are found at N 1.5 as 9.4 and 13.8 lg/mL on 7th and 10th day of inoculation, respectively. Similar results had been reported in literature showing decreased chlorophyll synthesis in the absence of a nitrogen source (Pruvost et al. 2011; Da Silva et al. 2009 ).
Protein productivity has also been found to be dependent on nitrate concentration (Table 1) . Maximum protein productivity of 7.9 mg/L/d is observed at highest sodium nitrate concentration (N 1.5 ) on 7th day of cultivation. On the other hand, protein productivity is 6.6 mg/L/d shown on 4th day even at N 0.5 level. Among various factors responsible for enhanced lipid accumulation inside microalgal cells, nitrogen levels have shown to be most prominent (Belotti et al. 2013; Breuer et al. 2012; James et al. 2011) . Present study showed increased lipid productivity when sodium nitrate level was decreased on 4th day itself, with maximum being found at N 0.5 (3.47 mg/L/d) ( Table 1) . Further decrease in sodium nitrate concentration resulted in decreased accumulation of lipids, and minimum is observed at N 0 . Maximum lipid productivity observed at N 0.5 on 4th day of inoculation shows nitrogen limitation as suitable option as compared to complete nitrogen starvation for induction of lipid accumulation. This result is in agreement with literature suggesting nitrogen deficiency as an efficient trigger for lipid induction in microalgae. With increase in time up to 10th day, lipid productivity is found to decrease or almost constant at all the nitrogen levels from N 0.1 to N 1.5 . Minimum lipid productivity of 0.95 mg/L/d is observed at N 0 on 4th day of microalgal inoculation. However, carbohydrate productivity is found to be highest at N 0 even on 4th day (3.58 mg/l/d). Similarly, Nigam et al. (2011) studied the effect of different concentrations of potassium nitrate on growth and lipid content of autotrophically cultivated Chlorella pyrenoidosa. It was found that with decreasing nitrate concentration, biomass production also decreased, but lipid content increased and highest lipid accumulation (26 %) was recorded at 0.05 g/L KNO3, which is one-fourth of basal nitrogen source concentration. Results obtained by Yeh and Chang (2011) showed an increase in lipid content from 20.9 to 55.9 % with decreased nitrogen concentration from 1.25 to 0.31 g/L. These observations can be explained by inhibition of carbon assimilation in TCA cycle and utilization of nascent carbon in lipid metabolism through Acetyl-CoA. There are other reports also suggesting the increased accumulation of carbon reserve compounds such as carbohydrates and lipids under nitrogen deficit (Dayananda et al. 2006; Yeesang and Cheirsilp 2011) . 
FTIR studies
FTIR spectra of Chlorella sp. IM-02 cultivated in nitrogen-starved, nitrogen-limited and nitrogen-sufficient conditions are observed with varying time period from 4 to 10th day (Figs. 3, 4, 5, 6, 7, 8) . Nitrogen-limited condition resulted in induction of lipids, which has also been confirmed by various researchers. Due to high sensitivity and high throughput means to access carbon allocation in metabolic activity by the cell, FTIR is preferred over spectrophotometric and fluorescent microscopy analysis. Mainly three bands are described here due to relevance to present study, i.e., *1740 cm -1 for fatty acid, *1650 cm -1 for proteins and *1200-950 cm -1 for carbohydrates. Figures 3, 4 , 5 show sharp and intense peak at *1645-1649 cm -1 showing high protein production at N 0 , N 0.1 and N 0.25 as compared to other nitrogen levels. Peak at *1740 cm -1 distinctively characterizes lipids in algal FTIR spectra. Figure 6 shows an intense ester carbonyl band at *1740 cm -1 as compared to other spectra on 4th day itself, showing maximum lipid accumulation at N 0.5 . FTIR spectra at other nitrogen levels are showing very small peak for lipids. A prominent band at *1000 cm due to C-O-C stretching in polysaccharides as observed at N 0.1 on 10th day of cultivation, whereas smaller peaks can be noticed at N 0.5 , N 1.0 and N 1.5 . Generally lipid accumulation in microalgae occurs under limited nutrient resources with appropriate energy (sunlight/fluorescent light) and carbon (carbon dioxide) source. Experimental studies by Xin et al. (2010) and Dean et al. (2010) also showed increase in lipid content under nitrogen-limited and nitrogen-starved conditions. Higher lipid accumulation on 4th day in N 0.5 as compared to N 0 may be due to high biomass production resulting in early exhaustion of nitrates in the medium. This led to accumulation of lipids under nitrogen-stressed conditions, whereas higher lipid induction on 7th day at N 0 suggests the possible utilization of internal nitrogen reservoirs for cell multiplication. At nitrogen-sufficient condition, i.e., N 1.5 , lipid peak is very small, may be due to high biomass production as compared to lipid synthesis. Studies by Converti et al. (2009) on Chlorella vulgaris showed no significant difference in lipid production when cultivated in nitrogen- starved or nitrogen-limited conditions. Our experimental trail with different nitrogen levels showed less marked cell inhibition with high lipid production at N -0.5 . Since there is remarkably higher deterioration rate in cell growth at nitrogen-starved (N 0 ) condition, this condition (N 0 ) cannot be looked upon for efficient biodiesel production. Thus, there is a need to optimize the nitrate supplement for optimal growth and appropriate lipid productivity. This optimization needs not to be fruitful essentially for all microalgal species, but arguments by researchers (Dean et al. 2010; Griffiths and Harrisons 2009; Kiran et al. 2016b ) have shown the need for high biomass productivity along with high lipid productivity. Thus, optimizing the nutrient supplementation will not only prevent the early culture death but will also help in enhanced induction of lipids. 
Conclusion
The selection of microalgae strain for energy feedstock should be based on the ability of microalgae to efficiently utilize the nutrients available in media. In present study, nitrogen-starved and nitrogen-limited conditions were supplied specifically for lipid induction in Chlorella sp. IM-02. Maximum lipid productivity was found for microalgal cells cultivated under nitrogen-limited condition (N 0.5 , i.e., 0.5 g/ L sodium nitrate) on 4th day itself, without much hindering the protein productivity. The results from FTIR spectroscopy as well as from spectrophotometric analysis are in agreement with each other. This study suggests that cultivation of Chlorella sp. IM-02 could be done sequentially where in first stage initially cultivating in standard nutrient medium to achieve exponential growth, further transferring the culture to nitrogen-limited media instead to nitrogen-starved media for lipid induction without depressing the growth. Furthermore, low retention time and high productivity with limited supply of nutrients for enhanced and cost effective lipid induction can prove to be a novel idea for sustainable biofuel development at commercial level.
